Abstract Recent studies have documented a mismatch between the phenology of leaf production, prey availability and the nestling food requirements of north temperate songbirds, attributed to climate change effects. Although tropical forest species have often been regarded as relatively aseasonal breeders, similar disruptive effects can be expected at equatorial latitudes, where comparatively little is known of the links between weather, leafing phenology, food availability and bird breeding activity, particularly in complex rain forest habitats. During a 19-year study at 1°S in Bwindi Impenetrable Forest, Uganda, Stripe-breasted Tits Parus fasciiventer showed a strongly bimodal laying pattern, breeding mainly in the two dry seasons, with 50 % of breeding activity occurring in January-February and 19 % in June-July. Individual females bred in both dry seasons, laying their first and last clutches up to 28 weeks apart. Breeding activity was linked to leaf production, which peaked mainly in November-December, following the September-November wet season. Increased leaf production is likely to have stimulated a rise in caterpillar numbers during December-February, coinciding with peak food demands by nestling tits. Laying was thus positively correlated with increased leaf production in the preceding calendar month, but was also linked to day length and a change in sunset time. To investigate possible links between egg laying and photic cues I compared the median date of first clutches laid by marked females in each half of the breeding year (October-March and April-September), with annual changes in photoperiod (varying by 7 min p.a.) and sunrise time (varying bimodally, by 31 min p.a.). The two median laying dates fell 138-139 days after the last date on which sunrise had occurred at 07:05 in August and January, suggesting the potential for sunrise time to act as a cue, or Zeitgeber, for breeding in tropical birds. Further work is required to establish whether the relationship is causative or coincidental. 
Introduction
The mechanism by which insectivorous songbirds time their breeding activity to coincide with peaks in prey availability has received considerable attention in Europe and North America, much of it focused on cavity nesters, particularly the tits (Paridae) and Ficedula flycatchers (e.g., Lack 1966; van Noordwijk et al. 1995; Both et al. 2004; Ramsay and Otter 2007) . In north temperate deciduous woodlands the timing of leaf production (bud burst) is advanced by warm temperatures, as are the hatching dates and growth rates of leaf-eating caterpillars (Perrins 1979) , which exploit the availability of tender, relatively tanninfree young leaves (Feeny 1970) . Temperature is also used as a cue by north temperate tit species, whose breeding activity is broadly stimulated by increasing day length, and fine-tuned by food supply (Nilsson 1994 ) and ambient temperature (Nager and van Noordwijk 1995; Cresswell and McCleery 2003; Schaper et al. 2012) . In some years at least, these adjustments ensure that the maximum food demands of most broods coincide with a peak in local prey availability.
This general pattern has been studied in considerable detail (e.g., Lack 1966; Perrins 1979; Blondel et al. 1990 Blondel et al. , 2006 Nager and van Noordwijk 1995; Ramsay and Otter 2007; Lehmann et al. 2012) , enabling researchers to examine the effects of climate change on breeding seasonality and population dynamics at north temperate latitudes (Visser et al. 1998 Saether et al. 2003; Both et al. 2004; Nussey et al. 2005; Visser et al. 2006; Charmantier et al. 2008; Visser et al. 2010; Reed et al. 2013; Gienapp et al. 2014) , where the two main proximate cues for egg laying-day length and temperaturevary markedly throughout the year. Most passerines live at tropical or sub-tropical latitudes, however, where seasonal variation in these cues is much less pronounced and breeding activity is often considered to be relatively aseasonal, particularly in rain forest habitats. They include most members of the genus Parus, 65 % of which are endemic to sub-Saharan Africa (Gosler and Clement 2007) .
Throughout Africa, Parus species occupy a broad range of woodland types, in which the timing of leaf and insect production is often positively related to rainfall (Moreau 1950; Sinclair 1978; Brown and Britton 1980) . Consequently, most African Parids and other insectivores breed during the annual or biannual wet seasons (Moreau 1950; Brown and Britton 1980; Tarboton 1981; Fry et al. 2000; Wiggins 2001) or, in two cases, before the wet season begins (Brown and Britton 1980) , when a sharp rise in ambient temperatures triggers bud burst in the Brachystegia-Julbernardia (miombo) woodland they occupy (Moreau 1950) . A third general pattern is evident in Afromontane regions, where forest passerines may show a reversal of the ''normal'' response to rainfall, breeding instead during relatively dry months, perhaps to avoid the lower temperatures associated with high rainfall (Serle 1981; Tye 1992; Fotso 1996) .
At equatorial latitudes the timing and volume of rainfall would appear to be the main factor influencing the timing of breeding in songbirds (Moreau 1950; Brown and Britton 1980; Radford and Du Plessis 2003; Styrsky and Brawn 2011; Oppel et al. 2013) . While climate change is likely to have a disruptive effect on rainfall patterns in parts of tropical Africa, attempts to model climate change impacts on tropical birds have been hampered by a lack of longterm empirical data, and of information on species interactions (Harris et al. 2011; Ş ekercioglu et al. 2012) . These deficits are especially acute in rain forest habitats, where tree species diversity is high, the majority of species are evergreen, and the phenology of leaf and fruit production may be particularly complex.
As a breeding stimulus for tropical birds, photoperiod has received less attention than rainfall pattern, mainly for two reasons. First, it has been assumed that species close to the equator (e.g., at ±5°latitude) are incapable of detecting day length differences of just a few minutes over the course of the year (Voous 1950; Miller 1959) . Second, while circannual variation in day length is unimodal, some tropical bird species show distinctly bimodal laying patterns (e.g., Brown and Britton 1980) . Despite these observations, there is evidence that changes in photoperiod could influence breeding activity even at equatorial latitudes. Hau et al. (1998) have shown that Spotted Antbirds Hylophylax naevioides, at 9°N in Panama, are capable of detecting day length variation of as little as 17 min. And, importantly, Goymann et al. (2012) have demonstrated that moult patterns in captive African Stonechats Saxicola torquatus axillaris are linked to seasonal changes in the timing of sunrise (hereafter referred to as solar time), rather than variation in day length. The significance of this finding is twofold. First, the timing of sunrise and sunset at low latitudes varies annually with greater amplitude than day length change, providing a more easily detectable cue for equatorial species. Second, at low latitudes, sunrise and sunset times follow a bimodal pattern, with a periodicity of 6 months; roughly congruent with that of many bimodal breeders in equatorial Africa. Furthermore, a similar periodicity has been described in the flowering patterns of equatorial rain forest trees, broadly coinciding with peaks in the rate of change in sunrise and sunset times (Borchert et al. 2005) . Hence, there is strong evidence that equatorial rain forest trees, and at least one bird species, are capable of responding to seasonal changes in solar time, rather than day length.
To identify the climatic and biotic factors associated with breeding activity in an equatorial passerine I monitored the timing of laying in the Stripe-breasted Tit P. fasciiventer, a species endemic to montane rain forests of the Albertine Rift in central Africa. Over a 19-year period, the tit's breeding activity was recorded in Bwindi Impenetrable Forest, SW Uganda, where, at 1°S, seasonal variation in day length and temperature is much less pronounced than at north temperate latitudes. Moreover, since most of Bwindi's tree and shrub species are evergreen, leaf replacement does not vary seasonally with the same amplitude or synchrony as in temperate deciduous woodlands. Consequently, seasonal peaks in the availability of caterpillars, accounting for 72 % of items provisioned to Stripe-breasted Tit broods (Shaw et al. 2015) , are also likely to be less pronounced than at temperate latitudes, perhaps explaining the tit's smaller brood sizes and protracted breeding pattern. At Bwindi, Stripebreasted Tits have been recorded laying in 11 calendar months, the majority of broods being raised during the two annual dry seasons (Shaw et al. 2015) .
Here, I examine the relationship between breeding activity by Stripe-breasted Tits and seasonal variation in weather, photic cues and leafing phenology. I determined whether marked individuals bred in both dry seasons, and whether those laying early were more likely to produce a second clutch during the same season. I predicted that the species' bimodal, dry season breeding pattern would be correlated with tree leafing patterns during the preceding months, and that unusually high rainfall during the wet season would stimulate increased breeding activity during the following dry season. Finally, I consider whether seasonal variation in solar time has the potential to act as a synchronizing cue (or Zeitgeber) for egg laying in this species.
Methods

Study area
This study was conducted at the Institute of Tropical Forest Conservation (ITFC) field station at Ruhija, Bwindi Impenetrable Forest, SW Uganda (29°46 0 E, 1°02 0 S; c. 2330 m a.s.l.). The forest covers c. 331 km 2 and comprises a mosaic of closed canopy areas with open, disturbed patches, the latter mainly on steep ridges and hills. A total of 324 tree and shrub species have been recorded (Davenport et al. 1996) . Rainfall at Ruhija averaged 1374 mm p.a. during 1987 and is strongly bimodal, peaking in September-November and March-May, with dry periods in January-February and June-July, the latter being more pronounced (Fig. 1a) . There is little seasonal variation in temperature, with mean monthly maxima of 18.2-19.8°C and minima of 13.4-14.5°C (Fig. 1b) . While day length varies by 7 min. p.a. (Fig. 1c) , the timing of sunrise and sunset varies by 31 min. p.a., and follows a distinctly bimodal pattern (Fig. 1d) .
Data collection
During 1996-2014 laying dates were recorded or estimated for 96 Stripe-breasted Tit clutches, all but three of which were laid in nestboxes (initially 25 boxes, rising to 80 by 2008). Boxes were inspected in most, but not all months during 1995-2000 and at least once in every month during [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] . Active nests were checked or watched at 2-3 day intervals and daily at around the anticipated dates of laying, hatching and fledging. In most cases these events were recorded accurately to the day. Where laying dates were missed they were estimated by back-tracking from the hatching or fledging date, based on mean incubation and nestling periods (15.1 and 23.5 days; Shaw et al. 2015) . A high proportion of clutches were laid in December-January, with smaller numbers in October-November, preceded by a period of courtship, site selection and nest building. Hence, 1 October was taken as the start of the breeding year (Shaw et al. 2015) .
Daily rainfall and minimum and maximum temperatures were recorded at Ruhija manually and by an automatic weather station located c. 3 km from the study site (2011) (2012) (2013) (2014) . Since readings were sometimes missed, the total rainfall for a given month was estimated by multiplying the mean daily rainfall by the number of days in the month. This assumes that rainfall itself did not influence the likelihood of a day being missed. Months in which weather data were collected on fewer than 80 % of days were excluded from the analyses. Day lengths and the timing of sunrise and sunset (to the nearest minute) were downloaded from USNO (2010).
It was not possible to monitor seasonal variation in insect abundance, due to financial constraints. Tree and shrub leafing phenology data were made available from two studies, however. The Gorilla Food Plant Study (GFPS: 2004 (GFPS: -2013 taxa (R. Barigyira pers. comm. 2014). Individual plants were assessed monthly on the following scale. 0: absence of new leaves; 1: 1-10 new leaves; 2: 10-100; 3: 100-1000; 4: [1000. In combination, the two studies made 43,582 assessments of 60 tree and shrub taxa. Of these, 18 were excluded from the analysis because they could not be identified to species level, or because sample sizes were considered too small (\10 observations per calendar month) (ESM Table 1 ).
Data analysis
I compared Stripe-breasted Tit breeding activity in each month with measures of rainfall, temperature, day length, sunrise and sunset times, and leaf production. Two measures of breeding activity were examined: the number of clutches initiated each month, as a precise measure of the onset of breeding; and the number of brood-days recorded, i.e. the number of days on which broods were in the nest in each month, summed for all broods. Thus, if two broods were in the nest in a given month, each for 20 days, a score of 40 was recorded. This provided an indication of the timing of peak food requirements in the study population. These comparisons were made on two levels: in relation to calendar months (data pooled by calendar month, across all years) and year-months (data analysed in relation to specific months and years).
Calendar month analysis
I calculated the mean rainfall per day and mean maximum and minimum temperatures for each calendar month, from all months in which these parameters were recorded on at least 80 % of days, during 1995-2014 (Fig. 1a, b) . I calculated the mean leafing score for each tree or shrub species in each calendar month during 2004-2013, and identified the three highest-scoring calendar months for each species. Leaf production was defined as ''high'' for the species in question during these three calendar months. I then determined the number of species for which leaf production was high in each calendar month. I used the lm command in R (3.0.1; R Development Core Team 2009) to examine the relationship between the mean number of clutches initiated per day in each calendar month, the number of species showing high leafing scores, and the mean rainfall, temperature, day length, sunrise time and sunset time recorded. Each explanatory variable was expressed as a proportion of the highest value in any calendar month. Since the conditions that stimulate breeding are likely to precede egg-laying by several weeks, I also compared the number of clutches initiated per day with leafing, weather and photic values from the previous calendar month (i-1) and from two months previously (i-2).
To minimise the number of terms used in each model, I initially compared the dependent variable with one potential explanatory variable in three forms, e.g. with rainfall in month i, month i-1 and month i-2. From each group I selected the version showing the strongest correlation with the number of clutches initiated per day, and ran a full model in which the following variables were included: number of species for which leaf production was high; maximum and minimum temperatures; rainfall; day length; sunrise and sunset times. I used the R step command to sequentially eliminate non-significant terms whose removal from the model reduced the Akaike Information Criterion (AIC) value by \2, leaving a final, minimal model. The R plot, qqnorm and hist functions were used to determine whether final models reasonably met with model assumptions (Crawley 2013) . To determine whether the level of breeding activity in each month was correlated with leafing phenology I first used Principal Component Analysis (PCA) to identify groups of plant species showing similar seasonal patterns of leaf production, using the prcomp function in R. I compared the results from PC analyses made using data from the two phenology schemes combined and from the GFPS on its own. I used GLMMs to investigate the relationship between measures of breeding activity in each month and scores for the first three principal components from each dataset. Both datasets spanned 10 years, in which the same months were represented. Since AIC values from models incorporating data from the GFPS only were, in every case, lower than those incorporating data from both schemes, only the GFPS data series was used subsequently when comparing breeding activity with leafing phenology. Models incorporating leafing phenology data were thus further restricted, to September 2004-September 2013.
Year-month analysis
Because no breeding attempts were made in a high proportion of year-months, the distribution of each response variable (clutches initiated or brood-days recorded) was highly skewed. I therefore examined the relationship between breeding activity and potential explanatory variables using two model structures. First, I identified explanatory variables associated with the presence/absence of breeding attempts in each year-month, specifying a binomial error distribution. In the second model I restricted the dataset to year-months in which at least one breeding attempt had occurred (i.e. a clutch was initiated or brood-days recorded, as appropriate) and specified a Poisson error distribution. In each model type ''study year'' and ''calendar month'' were entered as random variables. Fixed variables were selected using the same approach as in the calendar month analysis; each dependent variable was compared with versions of a given explanatory variable, e.g. rainfall in month i, month i-1 and month i-2, and the version showing the strongest correlation with the dependent variable was selected. The full models thus included one version of each potential explanatory variable: mean rainfall, temperature, day length, sunrise time, sunset time and leaf production score. Minimal models were derived through stepwise elimination of the least significant fixed variables. Final models were those with the lowest AIC value.
The potential influence on breeding activity of abiotic and biotic variables was examined initially in separate models, since the number of values missing from each dataset, combined with the short time span for which biotic data were available, would have severely restricted the sample of cases that could be included in each model. I then examined the effects on breeding activity of biotic and abiotic variables in combination, using only those variables whose effects had been significant in either of the two previous series of models.
Laying patterns of individuals
I examined the laying dates and breeding success of individual females known to have survived from October to August in a given breeding year (n = 13 females; 31 female-years), to determine whether the timing and frequency of laying during the first dry season influenced breeding performance during the remainder of the year. Specifically, I recorded whether individuals bred in both dry seasons, whether early-laying females produced more clutches during the year, and whether the number, timing or success of breeding attempts made in October-February influenced the number of clutches laid in March-September. I used GLMMs to investigate the latter, specifying a binomial or Poisson error distribution to examine the occurrence and number of breeding attempts made, respectively. Since the dataset included repeated measures from the same individuals and study years, ''female identity'' and ''study year'' were entered as random factors. Laying dates were expressed relative to the start date of the season.
To determine whether day length or the pattern of change in solar time (after Goymann et al. 2012 ) could act as a cue for egg laying, I calculated the median dates on which clutches were initiated by individually marked females in each half of the breeding year (1 October-31 March, 1 April-30 September; n = 17 females; 46 clutches) and compared these with seasonal changes in day length and solar time. The analysis was restricted to first clutches in each half-year, since the timing of any subsequent clutches (in the same half-year) is likely to vary stochastically, depending on the duration and fate of the first attempt. 
Whole-season analyses
Results
Breeding seasonality: calendar months
Stripe-breasted Tit clutches were initiated in 11 calendar months over the course of the study, but in just 2-7 months in any given year (median = 3 months; n = 11 years). Clutch initiations spanned a median of 26 weeks p.a. (range: 5-31 weeks; n = 11 years) and showed a strongly bimodal pattern, 51 % of clutch initiations (n = 96) and 69 % of brood-days (n = 1,514) occurring in the four driest calendar months (Fig. 2) . Although breeding activity thus coincided with low rainfall, more brood-days were recorded during the January-February dry season (50 %) than in the (drier) June-July season (19 %).
Individual females laid up to four clutches p.a., a given female initiating her first and last clutches up to 28 weeks apart. Individuals were thus capable of laying in both breeding seasons as well as during the intervening months (Fig. 2a) . Those laying early in October-February were more likely to lay multiple clutches during this period than those laying later (multiple clutches = -0.142 (±0.069 SE) relative laying date ?10.356 (±5.457 SE), z = -2.062, p = 0.039). However, neither the timing of laying during this period, the number of clutches laid, nor their outcome, influenced the number or timing of clutches laid in the following March-September.
Seasonal variation in leaf production varied markedly between tree species, both in terms of pattern and amplitude. In some species high leaf production coincided with, or closely followed, the September-November wet season; in others, it followed both wet seasons (ESM Fig. 1 ). Of 42 tree and shrub species monitored adequately, 35 (83 %) showed high leaf production during November-December, compared with only nine (21 %) in June-July (Fig. 3) . For most species, new leaf production thus peaked during the two months preceding the January-February dry season, when brood-rearing also peaked (Fig. 2b) .
A GLM comparing the number of clutches initiated per day in each calendar month with abiotic variables indicated that laying was positively related to day length two months previously and to changes in the timing of sunset since the previous month: clutches initiated per day = 17.407 (±5.211 SE) day length (i-2) ? 20.053 (±4.084 SE) sunset change in past month -17.108, F 2,9 = 25.18, p \ 0.0003; adjusted R 2 = 0.815. When leaf abundance (the number of species showing high leaf production in the previous month) was added to the model, all three variables were retained in a final, minimal model: clutches initiated per day = 0.013 (±0.004 SE) leaf abundance (i-1) ? 13.274 (±4.105 SE) day length (i-2) ? 9.896 (± 4.614 SE)sunset change in past month -13.098, F 2,8 = 33.55, p \ 0.0001; adjusted R 2 = 0.899.
Breeding activity in specific months
The first three axes of a PCA of monthly leaf production scores explained 0.767, 0.061 and 0.031 of the variance, respectively. PC 1 represented the majority of species for which leaf production peaked mainly in NovemberDecember prior to the first dry season (ESM Fig. 2 ). Since subsequent axes individually explained only a very small proportion of the variance, only PC 1 was used in models combining abiotic and biotic factors. The presence/absence of clutch initiations in a given month was positively linked to leaf production (PC 1) scores 1 month earlier, and to an increase in the timing of sunrise over the previous month (Table 1) . In contrast, the number of clutches initiated was positively linked to a rise in the mean minimum temperature over the previous two months (Table 1) 
Sunrise and sunset peaks and troughs
Median dates on which first clutches were initiated in each half of the breeding year (1 October-31 March and 1 April-30 September) occurred in December and June, close to the longest and shortest days of the year. The median day length fell approximately midway between these laying dates, and thus preceded the median laying dates in December and June by a similar interval; by 80 and 81 days, respectively. The equinoxes, when the rate of change in day length peaks, also preceded the two median clutch initiation dates by broadly similar intervals: of 76 days (March equinox) and 91 days (September equinox). Accordingly, median day length, or a change in day length, could have the potential to act as a synchronizing cue for egg-laying. To determine whether changes in the timing of sunrise or sunset might also have the potential to act as Zeitgeber I compared the median dates on which first clutches were initiated in each half-year with the timing of seasonal peaks in sunrise and sunset times. Lag-times between sunrise and sunset peaks and troughs, and subsequent median clutch initiation dates, all showed a marked disparity between the first and second half of the breeding year. A linear mixedeffects model, in which female identity and study year were entered as random variables, confirmed that lag times differed significantly with respect to half-year in all four cases (ESM Table 2 ), suggesting that seasonal peaks (or troughs) are unlikely to act as a cue for laying in both halves of the breeding year.
The disparity in lag-times may reflect the fact that sunrise (and sunset) peaks and troughs differ in magnitude. Thus, the peak value in October-March (431 min; 07:11) is never attained in April-September (maximum: 425 min; 07:05) (Fig. 4) . The end of this second peak (i.e. the date after which sunrise time advanced by 1 min) preceded the next median laying date (on 23 December) by 138 days. During December-January sunrise time continued to increase, passing 425 min again 139 days before the next Table 1 Summary of GLMMs examining associations between breeding activity in each month, abiotic variables (rainfall, temperature, day length, timing of sunrise and sunset) and a measure of leaf production (PC1: mean scores for axis 1 of a PCA of leaf production indices; ESM Fig. 2) . Measures of breeding activity used were: the occurrence of laying or of broods in the nest in a given month (binomial models), or the number of clutches initiated or brood-days recorded (Poisson models) Fig. 4 Median dates on which first clutches were initiated in October-March and April-September (filled squares), in relation to seasonal variation in the timing of sunrise (black line), expressed as minutes after midnight. In October-March the median laying date fell 138 days after the last day on which sunrise occurred at 425 min. Similarly, during April-September the median laying date fell 139 days after the last date on which the sunrise time had occurred at 425 min (grey line), and was increasing median laying date (on 4 June). Thus, the median laying dates on which first clutches were initiated in each half of the breeding year occurred 138-139 days after a point in the cycle at which sunrise last occurred at 07:05 in January and August (Fig. 4) .
Whole-season analyses
The numbers of eggs hatched and offspring fledged in each December-February dry season were positively correlated with rainfall level during the preceding SeptemberNovember wet season. However, this relationship was significant only when a single outlier was excluded: December-February 2010-2011, during which breeding productivity was low, despite unusually heavy rainfall in the preceding wet season (Fig. 5 ). This may have been linked to an unusually productive season in June-August 2010, when the numbers of offspring hatched and fledged were, respectively, six and nine times the mean for that time of year. There was no relationship between temperature during September-November and breeding activity during December-February, nor between weather conditions during the March-May wet season and breeding activity in the June-August dry season.
Discussion
Stripe-breasted Tits laid up to four clutches each year, aggregated mainly into two seasons, such that most broods were in the nest during the driest months of the year: in January-February and June-July. The tit's protracted, bimodal, dry-season breeding pattern thus contrasts markedly with the short, unimodal breeding season of its temperate congeners and with that of its African congeners, most of which breed in lowland woodland or savanna habitats, during the wettest months of the year (Brown and Britton 1980; Fry et al. 2000) .
Dry season breeding
Tropical rain forest birds have often been regarded stereotypically as relatively aseasonal breeders, despite geographically widespread evidence of pronounced seasonality, typically coinciding with high rainfall (Fogden 1972; Brown and Britton 1980; Hau et al. 1998; Wikelski et al. 2000; Oppel et al. 2013, Goymann and Helm 2015) . Where there is marked seasonal variation in rainfall, increased leaf production and insect abundance generally occurs during the wet season(s) rather than the dry season(s) (Fogden 1972; Sinclair 1978; Wolda 1978 Wolda , 1988 Novotny and Basset 1998; Struhsaker 1998; da Silva et al. 2011 , but see Reich et al. 2004; Grøtan et al. 2012 ).
Rainfall stimulates evergreen trees and shrubs to increase the volume of young leaves produced, providing a window of opportunity for Lepidoptera species and their predators, typically spanning 1-2 months (Coley 1983; Basset 1991; Intachat et al. 2001; Hopkins and Memmott 2003) . Why, then, do some Afromontane insectivores rear their broods during the single or twice-yearly dry seasons? One explanation is that heavy rainfall and low temperatures reduce insect prey activity, and hence increase the level of parental effort required to provision the brood (Avery and Krebs 1984; Radford et al. 2001) . Heavy rainfall can also increase the risk of nests being flooded out (Wesołowski et al. 2002; Radford and Du Plessis 2003) backed Tits P. monticolus (Shiao et al. 2015) . Although this effect has been proposed as an explanation for dryseason breeding in Afromontane rain forests (Tye 1992; Fotso 1996) , at Bwindi more broods were reared during the January-February dry season than the (drier) June-July season, suggesting that additional factors apply. At Bwindi, high rainfall in September-November (Fig. 1a) preceded a marked increase in new leaf production by tree and shrub species in November-December (Fig. 3) , which in turn is likely to have stimulated a rise in caterpillar abundance over the following months, coinciding with peak brood-rearing by Stripe-breasted Tits in January-February (Fig. 2b) . Fewer tree species showed increased leaf production during or just prior to the tit's second, smaller breeding peak in June-August (Fig. 3) , although six of the nine species that did so were considered to be common or very common in the study area (R. Barigyira pers. comm. 2014), perhaps having a disproportionate influence on caterpillar abundance.
Evidence of the impact of increased rainfall and leaf production on butterfly abundance in western Uganda has been presented in a detailed study at Kibale Forest, a midaltitude rain forest c. 180 km north of Bwindi. Over a 12-year period Valtonen et al. (2013) monitored 100? butterfly species at monthly intervals. As at Bwindi, precipitation at Kibale was higher during the AugustNovember wet season than in March-May. Vegetation ''greenness'' peaked approximately 33 days after seasonal peaks in precipitation and, importantly, adult butterfly abundance peaked c. 3 months after each peak in greenness; in February and August. Since larval and pupal stages of common butterfly species at Kibale have been shown to average 36 and 14 days, respectively (Molleman et al. 2016 ), large, mature caterpillars are likely to have been most abundant in January-February and July-August; peak brood-rearing months for Stripe-breasted Tits at Bwindi (Fig. 2b) .
It is likely that dry season breeding by Stripe-breasted Tits, and perhaps by other Afromontane rain forest insectivores, is simply a consequence of the 2-3 month lag between high rainfall and a rise in caterpillar abundance. Bimodal rainfall patterns, which are widespread in equatorial Africa, produce short, alternating wet and dry seasons, each lasting c. 3-4 months. Consequently, if most evergreen rain forest trees and shrubs respond to a peak in rainfall midway through each wet season, as shown here, the resulting increase in caterpillar numbers will necessarily occur mainly in the following dry season, as will most breeding attempts by rain forest insectivores. In contrast, wet season breeding is much more common among insectivores in semi-arid habitats throughout much of East Africa (Brown and Britton 1980) , despite these being subject to a similar, bimodal cycle of short wet-and dry seasons. This disparity could reflect a difference in the response shown by plants in rain forest and semi-arid habitats if the latter respond to the first heavy rains marking the beginning of the wet season, incidentally allowing sufficient time for insect larvae and insectivore nestlings to pupate and fledge during the same season. The timing of peak food availability in lowland savannas might be further advanced if insect development is more rapid there than in (cooler) montane forests (B. Helm pers. comm.), and if flying insects are more prone to move rapidly into savanna areas following recent, heavy rainfall (e.g. Sinclair 1978 ).
Day length and solar time as potential Zeitgeber
For Stripe-breasted Tits day length and sunrise time each have the potential to act as Zeitgeber for egg-laying. Of the two candidate systems, day length presents the simpler, more parsimonious scenario; median first-laying dates in December and June were each preceded by a day length of 727 min, 80 and 81 days beforehand, respectively. For these events to act as Zeitgeber, however, Stripe-breasted Tits would have to be physiologically capable of distinguishing this day length from one differing by ± 3-4 min, i.e. ranging between 724 and 731 min throughout the year. This would exceed the level of sensitivity reported for other bird species to date, notably the 17 min change in photoperiod to which captive Spotted Antbirds have been shown to respond (Hau et al. 1998) . Moreover, while the latter were stimulated consistently using artificial light, Stripe-breasted Tits in this study were subject to the potentially confounding effects of cloud cover. Through its effects on light intensity cloud cover can in itself act as a synchronizing cue for circannual rhythms (Gwinner and Scheuerlein 1998) , and may effectively mask the very small changes in day length occurring at low latitudes (Dittami and Gwinner 1985) . Photoperiod would, therefore, appear unlikely to yield a detectable cue for Stripebreasted Tits, demanding a much greater sensitivity to day length change than has been demonstrated previously.
In contrast, the annual change in solar time varies by 31 min at Bwindi, cycling through twin peaks and troughs, each at differing levels (Fig. 1d) . Goymann et al. (2012) recorded annual variation in solar time of the same amplitude and frequency at Nakuru, Kenya, and have demonstrated that African Stonechats Saxicola torquatus axillaris captured at the site were capable of detecting this pattern of change. Specifically, captive birds exposed to a constant equatorial day length, but with a simulation of the annual periodic change in sunrise and sunset times, began their single, annual moult 141 days after the higher of the two annual peaks in the timing of sunrise, and did so with greater synchrony than individuals subject to constant solar time (Goymann et al. 2012 ).
These findings suggest that Stripe-breasted Tits could be physiologically capable of detecting the pattern and amplitude of change in solar time experienced at Bwindi, and of using features of this cycle as Zeitgeber for egglaying. However, there was no evidence that both sunrise peaks (or troughs) were used as cues for egg laying, since the lag time between each of these events and the subsequent median laying date of first clutches differed significantly between each half of the breeding year. Instead, Stripe-breasted Tits showed a more consistent delay between the absolute timing of sunrise, at 425 min, and egg laying. That is, the median date of first clutches fell 138-139 days after the last date on which this value was attained in August and again in January (Fig. 4) .
This interval is likely to provide adequate time for gonadal development in Stripe-breasted Tits, given that the time required for testes expansion in a congener (the Great Tit P. major) is just c. 42 days (Silverin et al. 1993) . Note, however, that both of these potential Zeitgeber occurred during or just after the two main breeding periods, requiring that individuals are sensitive to photic cues whilst breeding. That songbirds can remain sensitive to photic cues during the breeding season has been demonstrated by Pohl (1999) who showed that high Arctic passerines respond to changes in the spectral composition of sunlight during the summer. Also, Helm and Gwinner (2005) have shown that photostimulation during the spring can act as a cue for initiating events several months later, in the autumn. However, since sunrise at Bwindi occurs at 425 min in March also (Fig. 4) , the scenario proposed here is tenable only if the March event coincides with a photorefractory period, during which the species is insensitive to sunrise time. The existence of photorefractory periods has been demonstrated in a range of songbirds (Dawson et al. 2001; Dawson 2008) , including captive Stonechats of temperate and equatorial subspecies (S. t. rubicola and S. t. axillaris; Gwinner and Scheuerlein 1999) . When exposed to day-length variations with an amplitude of 7 h, both subspecies switched from a state of refractoriness to photosensitivity at around moult completion (the timing of which has not been established for Stripe-breasted Tits). Gwinner and Scheuerlein (1999) also showed that equatorial Stonechats appeared to initiate refractoriness under shorter photoperiods, with an amplitude of 1 h 10 min, but concluded that it was unclear whether the much smaller photoperiodic changes are sufficient to synchronize circannual rhythms of equatorial birds.
In conclusion, whether features of solar time could be used as a cue for breeding by equatorial birds remains to be tested experimentally, although evidence presented here indicates that such a system could be tenable in the case of Stripe-breasted Tits breeding at 1°S.
